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ABSTRACT
Muscle sam ples from 10 h ib e r n a t e d  and 10 c o n t r o l  ground 
s q u i r r e l s ,  C i t e l l u s  t r i d e c e m l i n e a t u s . w ere  o b ta in e d  from  h e a r t ,  
d iap h rag m , f o r e  l im b  and h in d  l im b ,  f ix e d  i n  osmium t e t r o x i d e ,  
and embedded i n  V estopa l-W . L o n g i tu d in a l  s e c t io n s  were made from 
embedded m a t e r i a l  and r e p r e s e n t a t i v e  m i to c h o n d r ia l  f i e l d s  o f  each 
t i  s su e  were p h o to g ra p h ed  w i th  an e l e c t r o n  m icroscope  a t  an i n s t r u ­
ment m a g n i f i c a t io n  o f  X7,0G0 and p h o t o g r a p h ic a l ly  e n la r g e d  t o  
X 28,000 . M ito c h o n d r ia  were coun ted  and av e ra g e d  f o r  each  t i s s u e .
The l e n g t h s  and w id th s  o f  a t  l e a s t  250 m i to c h o n d r ia  w ere  m easured 
and averaged  f o r  t h e  same t i s s u e s .  M ito c h o n d r ia  in  t h e  h ib e r n a te d  
an im a l  in c r e a s e d  in  number in  h e a r t ,  d iap h rag m , fo re  l im b  and h ind  
lim b by 32% 1?« , 20%  and 3% r e s p e c t i v e l y . ho s i g n i f i c a n t  m i to ­
c h o n d r ia l  s i z e  change was o b se rv ed  i n  h e a r t  and d iaphragm  m uscle  in  
th e  two p h y s io l o g i c a l  s t a l e s ,  bo th  f o r e  and h in d  lim b m uscle m ito ­
c h o n d r ia  in c r e a s e d  in  s i z e  in  Uie h i b e m a n t .  The l e n g th  and w id th  
o f  f o r e  m uscle m i to c h o n d r ia  i n c r e a s e d  by 12% and 15% r e s p e c t i v e l y ,  
and c o r re s p o n d in g  d im e n s io n s  in  h ind lim b  m uscle  i n c r e a s e d  by 27% 
and 30% r e s p e c t i v e l y .  R e s u l t s  s u g g e s t  t h a t  m i to c h o n d r ia l  membranes 
a r e  i n c r e a s e d  in  th e  h i b e m a n t  a s  a mechani sm f o r  m a in ta in in g  a n d /o r  
s t o r i n g  enzyme sy s tem s n e c e s s a r y  f o r  t h e i r  r a p id  r e l e a s e  upon a r o u s a l .
I .  INTRODUCTION
M ito c h o n d r ia l  s t r u c t u r e  h a s  been e x t e n s iv e ly  s tu d ie d  s in c e  th e  
a d v en t  o f  th e  e l e c t r o n  m ic ro sc o p e .  The u b iq u i ty  o f  t h i s  o r g a n e l l e ,  
i t s  d i s p e r s io n  th ro u g h o u t  a  c e l l ,  i t s  d e n s i ty  and th e  f a c t  t h a t  i t s  
s i z e  app roaches  th e  low er l i m i t s  o f  r e s o l u t i o n  i n  l i g h t  m icroscopy  
were a l l  f a c t o r s  in  f a v o r  o f  t h i s  r e s e a r c h .  Among th e  e a r l i e r  
s tu d i e s  made o f  m ito c h o n d r ia  were th o s e  o f  P a lad e  (*52 and *53) who 
f i r s t  d e m o n s tra te d  a doub le  l i m i t i n g  membrane and i n t e r p r e t e d  th e  
c r i s t a e  m i to c h o n d r ia le s  a s  f o ld s  o f  th e  in n e r  membrane. S jB s tra n d  
( f 53)» u s in g  r e t i n a l  rods  o f  g u in e a  p ig  eye a t  a r e s o l u t i o n  o f  some 
30 I  was a b le  t o  a s s ig n  d im en sio n s  to  p rev io u s ly ' d e s c r ib e d  membrane 
sy s tem s.  C a re fu l  work by Low (*56) confirm ed t h a t  th e  c r i s t a e  a r e  
a c t u a l l y  i n f o l d i n g s  o f  th e  i n n e r  membrane and Freeman (* 5 6 ) ,  u s in g  
an e x c e e d in g ly  h igh  r e s o l u t i o n  (13 X), d em o n s tra ted  each membrane 
t o  be o f  a  d o u b le  n a tu r e  and e x i s t i n g  as  two s e p a r a t e  membranes.
M uscle, among o t h e r  t i s s u e s  which have been s tu d i e d ,  i s  o f  
p a r t i c u l a r  i n t e r e s t  in  view o f  th e  f a c t  t h a t  m ito c h o n d r ia  a r e  a r ra n g e d  
in  a  c h a r a c t e r i s t i c  manner between th e  m y o f i b r i l s ,  h ig h ly  s u g g e s t iv e  
o f  t h e i r  r o l e  a s  energy  s u p p l i e r s .  A c o r r e l a t i o n  h a s  been made 
between th e  l o c a t i o n  o f  th e  m i to c h o n d r ia  and t h e i r  m e ta b o l ic  a c t i v i t y  
i n  th e  f i b e r  ( P a la d e ,  *56). S tu d i e s  have a l s o  been  made which c o r r e ­
l a t e  m e ta b o l ic  c a p a c i ty  d i r e c t l y  w i th  t o t a l  membrane s u r f a c e  a r e a  
a v a i l a b l e  a s  c r i s t a e  m i to c h o n d r ia le s  (P a la d e ,  *56; Dempsey, *56). In  
m usc le ,  a p p a r e n t l y ,  m ito c h o n d r ia  and o x id a t iv e  p h o s p h o ry la t iv e
2p ro c e s s e s  a r e  i n t e r r e l a t e d  (Harman, *50j W eber, 152j George and N&ik, 
f 5 8 ) .  Phosphate  compounds r e l a t e d  to  th e  energy  c y c le  o f  in te rm e d ia r y  
m etabo lism  have been s tu d ie d  in  m uscle sam ples from r a t s  ( S z e r k e r e s ,  
F a l l e r ,  and T8rCk, T58) and from ground s q u i r r e l s  (Zirany and G regory , 
f 58 and *59). The ground s q u i r r e l ,  i n  c o n t r a s t  to  th e  r a t ,  i s  c a p ab le  
o f  a d a p t in g  t o  extrem e changes i n  e n v iro n m e n ta l  te m p e ra tu re  th ro u g h  
th e  mechanism o f  h i b e r n a t io n .
I n v e s t i g a t i o n s  w ith  th e  h ib e rn a te d  dormouse (Poche, f 59) r e v e a le d  
no r e d u c t io n  in  number o f  m ito c h o n d r ia  in  c a r d ia c  muscle a l th o u g h  th e  
m e ta b o l ic  i n t e n s i t y  was reduced  t o  abou t l / l O  o f  normal v a lu e .  There 
was, however, an i n c r e a s e  i n  t h e  number o f  c r i s t a e  r e p r e s e n t i n g  an 
accu m u la t io n  o f  s u b s t r a t e  and an in c r e a s e  o f  enzymes i n  th e  m itochon­
d r i a .  In  th e  work r e p o r te d  h e r e ,  th e  r e l a t i v e  number and s i z e s  o f  
m ito c h o n d r ia  in  c a r d ia c  and s k e l e t a l  muscle have been compared in  
h ib e r n a te d  and c o n t r o l  ground s q u i r r e l s  in  an a t te m p t  to  c o r r e l a t e  
s t r u c t u r a l  f in d in g s  w i th  m e ta b o l ic  a c t i v i t y  o f  th e  two d iv e r s e  phy­
s i o l o g i c a l  s t a t e s .
I I .  MATERIALS AND METHODS
A t o t a l  o f  20 t h i r t e e n - l i n e d  ground s q u i r r e l s ,  C i te l lu e  
t r id e c e m lin e a tu s . were used in  t h i s  s tu d y . Ten c o n tro l  an im als 
a t  an en v iro n m en ta l tem p era tu re  o f  25-27 d e g re e s  c e n tig ra d e  were 
s a c r i f i c e d  under Nembutal a n e s th e s ia  (2  ml 3% s o l fn /k g  body w t .)  
and te n  ex p e rim e n ta l an im als a t  a  tem p era tu re  o f  3 -5  d e g re e s  c e n t­
ig ra d e  were s a c r i f i c e d  w h ile  h ib e r n a t in g ,  th e  t i s s u e  b e in g  removed 
w ith in  30 seconds a f t e r  d e a th . Samples o f  h e a r t ,  d iaphragm , fo re  
lim b m uscle , and h ind  lim b m uscle were tak e n  from each an im al.
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H eart m uscle was o b ta in e d  as a sm all b lo ck  abou t 0 .5  mm from th e  
extrem e apex . A s le n d e r  s t r i p  o f  diaphragm  about 0 .5  mm x 8 mm was 
trimmed from th e  m uscular p o r t io n  o f  th e  dome, w ith  f i b e r s  o r ie n te d  
a lo n g  th e  lo n g i tu d in a l  a x i s .  Fore lim b m uscle was o b ta in e d  from th e  
t r i c e p s  b r a c h i i ,  and hind lim b m uscle from th e  g a s tro c n e m iu s . In  
th e  case  o f  th e  a p p e n d ic u la r  m u sc les , sm a ll s t r i p s  were removed from 
th e  m uscles in  a lo n g i tu d in a l  d i r e c t i o n  j u s t  b en ea th  th e  deep f a s c i a .  
A ll s k e le t a l  m uscle s t r i p s  were a tta c h e d  to  b lo ck s  o f  p a r a f f in  (1 mm x 
4 mm x 9 mm) by sm all g la s s  p in s  and in v e r te d  in  th e  f i x e r .  T h is 
se rved  a s  a  method o f  o r i e n ta t io n  d u rin g  th e  p ro c e ss  o f  f ix in g  and 
d e h y d ra tin g . A ll sam ples were dropped in to  s e p a ra te  v i a l s ,  each con­
t a in in g  3 ml o f  1^ b u ffe re d  OsO^ (P a la d e , f 5 2 ). Using a  two hour 
optimum f ix in g  tim e ( P o r te r  and K ali man, f 53; Low, *54), th e  p ro ce ­
d u re s  below were c lo s e ly  fo llo w ed :
1 . F ix in  OsO^ fo r  2 hours (35 d eg rees  F . )
42 . 50$ e th y l  a lc o h o l f o r  1 hour
3 . 70$ e th y l  a lc o h o l f o r  1 hour
4* 95$ e th y l  a lc o h o l f o r  1 hour
5. A bsolu te e th y l  a lc o h o l (2 o r  3 changes a t  1 /2  hour each)
6 . Equal p a r ts  a b so lu te  e th y l  a lc o h o l and m e th ac ry la te  (w ith o u t
c a t a ly s t )  f o r  1 h o u r. (C a ta ly s t  i s  Luperco 2-4  d ic h lo ro -
benzoyl pe rox ide  used as a  2$ s o lu t io n )
7 . M ethacry la te  (6 p a r t s  b u ty l* l  p a r t  m ethy l) w ith  c a ta ly s t  fo r  
1 hour
8 .  Embed in  same s o lu t io n  as 01 (Morgan, Moore, and Rose, *56), 
u s in g  000 g e la t in  c a p su le s .
In  o rd e r  to  be a b le  to  c u t lo n g itu d in a l  s e c t io n s ,  sm all b lo ck s  o f 
t i s s u e  (0 .5  mnP) were made from th e  s t r i p s  o f  s k e le ta l  m uscle and 
p laced  f l a t  on th e  bottom  o f  th e  cap su le  w ith in  th e  embedding medium. 
P o lym eriza tion  o f  th e  m e th ac ry la te  was accom plished o v e rn ig h t in  an 
oven m ain tained  a t  48 deg rees c e n tig ra d e .
The fo reg o in g  procedure was used on 8 c o n tro l  and 9 h ib e rn a te d  
an im als . Vestopal-W  ( liy te r  and K e llen b e rg e r, *58) was used as an 
embedding medium in  two o f  th e  f i e l d  anim als and in  one h ib e rn a te d  
an im al. Potassium  perm anganate was used as a f i x e r  (L u f t ,  *56) in  
th e  Ves to  pal-embedded h ib e m a to r .  From each anim al 4 b lo ck s o f  
h e a r t  muscle and th re e  b lo ck s  o f  each s k e le ta l  m uscle under co n sid ­
e ra t io n  were p rep a red .
S e c tio n in g  was perform ed on a Porter-B lum  microtome (*53) u s in g  
a g la s s  k n ife  (L a tta  and Hartmann, *50). These were p icked up on a 
carbon form var coated  g r id  (Fullam  EFFA #202) and c le a re d  o v e rn ig h t 
u sing  equal p a r t s  o f  ace tone  and e th e r  (Low, *61). At l e a s t  two
5g r id s  w ith  s e c t io n s  were made from each b lock  o f  t i s s u e .
G rids were p laced  in  th e  e le c tro n  m icroscope (RCA, EML-l) and 
scanned a t  a m ag n if ic a tio n  o f  X1800 (Tap l )  fo r  b e s t  p o ss ib le  re p re ­
s e n ta t io n  o f  th e  t i s s u e  f i e l d .  Having found a s u i ta b le  f i e l d ,  th e  
m ag n ifica tio n  was in c re a sed  to  about X7000 (Tap 6 ) ,  th e  specimen 
brought in  sh a rp  focus and photographed u sin g  Kodak L antern  S lid e  
P la te s ,  Medium, 2" x 1CP*, w ith  5 fram es p e r p l a t e .  Landmarks, such 
as membrane system s, n u c le i ,  d e b r i s ,  membrane f a u l t s ,  and m y o fib r il  
o r ie n ta t io n ,  were n o te d . Another s im ila r  f i e l d  was chosen (Tap l )  
as b e fo re  b u t d u p lic a t io n  o f  th e  same f i e l d  on su c ce ss iv e  s e c tio n s  
was prec luded  by av o id in g  recogn ized  landm arks. At l e a s t  5 such 
f i e ld s  were photographed ( a l l  a t  X7000) on each o f  4 t i s s u e s  in  a l l  
20 an im als .
As soon a s  exposed, th e  p la te s  were developed in  Kodak D ektol, 
f ix e d  in  Pow er-F ix, and washed fo r  10 m inu tes. The 2W x 2” frame 
n eg a tiv e  was en la rg ed  and p r in te d  on a p p ro p r ia te  l ig h t - s e n s i t iv e  
paper as an 8” x 8” p o s i t iv e .  These m icrographs (X28,000) were used 
in  t h i s  s tu d y .
Each f i l e  p r in t  was s tu d ie d  and th e  t o t a l  number o f  m itochondria  
on each m icrograph was determ ined and reco rd ed . In  a d d it io n ,  u s in g  a 
m e tric  r u l e r ,  5 r e p re s e n ta t iv e  m itochondria  on each p r in t  were 
measured and th e  maximum le n g th  and w id th , in  m il l im e te r s ,  were rec o rd ed .
In every  anim al th e  m ito c h o n d ria l counts were averaged f o r  each 
o f  th e  fo u r  ty p e s  o f  t i s s u e  u sed . S im ila r ly , le n g th s  and w id th s fo r  
each o f  th e  t i s s u e s  were av erag ed , s e p a ra te ly . The d a ta  r e f l e c t  
th e se  av erag es on t o t a l  coun ts and s iz e .
I I I .  RESULTS
M itochond ria l counts fo r  th e  v a rio u s  t i s s u e s  a re  shown in  
f ig u re  1 . These averages re p re s e n t  th e  number o f  m itochondria  
appearing  on a t  l e a s t  50 m ic rog raphs, a l l  a t  a  m a g n if ic a tio n  o f  
X28,000. The average number o f  h e a r t  m ito ch o n d ria  in  th e  h ib e rn a te d  
s q u i r r e l  h e a r t  re p re s e n ts  a s ig n i f ic a n t  in c re a s e  o f  32# ( P ^ .0 1 )  
over th e  c o n tro l  h e a r t .  Showing an in c re a s e  in  m ito ch o n d ria , b u t to  
a l e s s e r  d e g re e , were diaphragm , 19# (P 0 3 ) ,  fo re  limb m uscle, 20#
(P 0 2 ) ,  and hind lim b m uscle , 3# ( P ^ . 8 ) .  Hence, in  h ib e rn a te d  
anim als th e  number o f  m itochond ria  in c re a se d  in  a l l  4 muscle t i s s u e s  
s tu d ie d , b u t th e  s ig n i f ic a n t  d if f e re n c e  in  h e a r t  muscle i s  s t r i k in g .
The s iz e  o f  th e  m itochond ria  o f  th e  h ib e rn a te d  h e a r t  when com­
pared w ith  th o se  o f  th e  c o n tro l  h e a r t  ( f i g .  2) does n o t change s ig ­
n i f i c a n t l y .  M itochondria l le n g th s  in  h ib e rn a te d  h e a r t  averaged 0.944)i» 
and th o se  o f  th e  c o n tro l  h e a r t  0.977p. ( P ^ . 4 ) .  S im i la r ly ,  w id ths 
in  th e  h ib e rn a te d  h e a r t  m itochond ria  averaged 0 . 580)1 a s  compared w ith  
0.601p, fo r  th e  average w id th  o f  c o n tro l  h e a r t  m itochondria  ( P ^ * 5 ) .
Diaphragm m ito ch o n d ria , a s  in  th e  h e a r t  m ito ch o n d ria , f a i l  to  
show any s ig n i f ic a n t  change o f  s iz e  between th e  two p h y s io lo g ic a l  
s t a t e s .  F igure  2 in d ic a te s  average le n g th s  o f  th e  m itochondria  in  
h ib e rn a te d  and c o n tro l diaphragm  to  be 0.695)1 and 0.666p, r e s p e c t iv e ly  
( P ^ . 4 )  Average w id ths a re  g iven  a s  be ing  0.404)1 (h ib e rn a te d  an im al) 
and 0.419)1 (c o n tro l  an im al) ( P ^ . 6 ) .
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Figure  1 . M itochondria l coun ts f o r  c a rd ia c  and s k e le t a l  muscle in  
th e  c o n tro l  and h ib e rn a te d  ground s q u i r r e l .  Averages f o r  each t i s s u e  























F igu re  2 . M itochond ria l d im ensions f o r  c a rd ia c  and s k e l e t a l  muscle 
in  th e  c o n tro l  and h ib e rn a te d  ground s q u i r r e l .  Averages re p re se n t  a  
minimum o f  250 m itochond ria  measured f o r  each t i s s u e  a t  a  m agn ifica­
t io n  o f  X28,000.
9in c re a s e  in  s iz e  when compared to  th e  same t i s s u e  in  c o n tro l  an im als , 
( f i g ,  2 ) .  Average le n g th s  in c re a s e  from 0 .779 |i to  0,870|Xf a 12% g a in ; 
average  w id ths in c re a s e  by 15%, going from 0.459p, to  0.52?p,. ( P ^ , 0 2 ) .
C on tro l h ind lim b m uscle m itochondria  show a co rresp o n d in g  s iz e  
in c re a s e  in  h ib e rn a te d  t i s s u e ,  ( f i g ,  2 ) ,  Averages in  le n g th s  and 
w id th s  in c re a s e  by 27% and 30% r e s p e c t iv e ly .  Lengths in c re a s e  from 
0,692yL to  0,879p., and w id th s from 0.41511 to  0 .54 lp*  ( P ^ . O l ) .
The m itochondria  in  th e  fo u r  t i s s u e s  s tu d ie d  were observed  to  be
a rranged  in  rows betw een th e  m y o f ib r i ls  some s in g le  and some double
row s, (P lates I and IV) .  In  a d d itio n  to  t h i s  form o f  o r i e n ta t io n ,  
h e a r t  m uscle q u i te  f re q u e n tly  shows a g g re g a tio n s  between th e  m y o f ib r i ls ,  
(P la te  I I ) .  By f a r  th e  g r e a te s t  number o f  m itochondria  a re  o v a l in  
shape ( P la te s  I  and IV) w ith  some round and few i r r e g u l a r .
In  h e a r t  and diaphragm  m itochondria  th e  in te r n a l  arrangem ent o f 
c r i s t a e  m ito c h o n d ria le s  appears  much th e  same in  bo th  c o n d it io n s , 
c o n tro l  and h ib e rn a te d , (P la te s  I  and IV) ,  In fo re  and hind limb 
m usc le , however, th e  c r i s t a e  a re  more d e n se ly  packed in  th e  h ib e rn a te d  
t i s s u e  than  in  th a t  o f  th e  c o n tr o l .  The arrangem ent i s  sometimes 
i r r e g u l a r  and may be c u r le d ,  resem bling  a f in g e r p r in t ,  (P la te  V).
ILLUSTRATIONS
E xplanation  o f  p la te s  
A ll p la te s  a re  e le c tro n  m icrographs o f  s e c tio n s  o f  b u ffe re d  
osmium te t ro x id e  f ix e d  c a rd ia c  o r  s k e le ta l  muscle from th e  ground 
s q u i r r e l .
Legends fo r  a l l  p la te s  
M, m itochondria  
F, m yofilam ents 
L, l i p i d
CM, c r i s t a e  m ito c h o n d ria le s
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P la te  I .  Longitudinal sec tio n  o f  cardiac muscle from a con tro l
ground sq u ir r e l. C h a ra c ter is tic a lly  oriented  and ova l shaped mito­
chondria are abundant. X23,000.
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P la te  I I .  Longitudinal se c tio n  o f  cardiac muscle from a hibernated
ground s q u ir r e l. Heart m itochondria are more numerous than in  the
con tro l anim al. X28,000.
uP la te  I I I .  Longitudinal sec tio n  o f  diaphragm muscle from a con tro l
ground sq u ir r e l. Mitochondria are found w e ll-d is tr ib u te d  in  rows
between the m y o fib r ils . X28,000.
HP la te  IV* Longitudinal se c tio n  o f  diaphragm muscle from a hibernated
ground squirrel*  w ith  a s im ila r  d is p o s it io n  and number o f  mitochondria
as th a t o f  the co n tro l animal * X28f000.
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P late  V* Longitudinal sec tio n  o f  fore limb muscle from a con tro l
ground sq u ir r e l. X28,000.
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P late  VI. Longitudinal se c tio n  o f  fore  limb muscle from a hibernated
ground sq u ir r e l. C ristae m itochondriales appear more h igh ly  packed
than those o f  the contro l anim al. X26,000.
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P la te  V II. Longitudinal sec tio n  o f  hind limb muscle from a control
ground sq u ir r e l.  X28 ,000•
IB
P la te  V III. Longitudinal se c tio n  o f  hind limb muscle from a hibernated
ground sq u ir r e l.  C ristae m itochondriales appear more h igh ly  packed
than those o f  the con tro l anim al. X28,000 .
IV. DISCUSSION
For pu rposes o f  i n t e r r e l a t i n g  m ito ch o n d ria l s t r u c tu r e ,  number 
and s iz e  w ith  m etabo lic  p ro ce sse s  in  m uscle, t h i s  s tu d y  was under­
taken  in  a  mammal th a t  d em o n stra te s  va ry ing  p h y s io lo g ic a l  s t a te s  o f 
m etabo lic  a c t i v i t y  through  th e  phenomenon o f  h ib e rn a t io n .  In h ib e r ­
n a tio n  extrem e d e c re a se s  occu r in  body te m p e ra tu re , h e a r t  r a te  and 
r e s p i r a to ry  r a t e .  With th e  env ironm enta l tem pera tu re  25-27 deg rees 
c en tig ra d e  th e  r e c t a l  tem p era tu re  o f  th e  awake ground s q u i r r e l  
averages 33 d e g re es  c e n tig ra d e , th e  r e s p i r a t io n  r a t e  100  p e r m inute 
and th e  h e a r t  r a te  350 b e a ts  p e r  m inu te . During h ib e rn a tio n  a t  an 
environm ental tem p era tu re  o f  3 -5  d eg rees  c e n t ig ra d e , th e  an im alf s 
r e c t a l  tem p era tu re  approxim ates one to  two d eg rees  above env iron ­
m ental te m p e ra tu re ; th e  r e s p i r a t io n  r a te  averages th re e  p e r  m inute , 
and th e  h e a r t  r a t e  20 b e a ts  pe r m inu te , (Zimny, T5 6 ). Comparable 
v a lu es  in  th e  same anim al were re p o r te d  by Johnson (*31)- An ex­
te n s iv e  s tu d y  in  th e  awake and h ib e rn a te d  marmot rev e a le d  th a t  th e  
body tem pera tu re  drops from 3 4 -3 9  d eg rees c e n tig ra d e  to  about 3 
d eg rees  c e n t ig ra d e ;  r e s p i r a to r y  r a t e  from 2 5 -3 0  p e r  m inute to  one 
p e r m inute; and h e a r t  b e a t from 80 p e r m inute to  4 o r  5 p®r m inute 
in d ic a t in g  g e n e ra liz e d  m etab o lic  d e p re s s io n , (B ened ict and Lee, *38). 
In  g e n e ra l ,  i t  may be sa id  t h a t  the  m etabo lic  r a te  o f  anim als in  
h ib e rn a tio n  i s  between 1 /30  and l/lO O  o f  th e  * r e s t i n g 1 m etabolic  
r a t e  when th e  anim al i s  in  th e  homeothermic s t a t e .
B iochem ical and p h y s io lo g ic a l v a r ia t io n s  which occur upx>n
19
20
e n te r in g  h ib e rn a tio n , d u rin g  h ib e rn a tio n , and upon a ro u s a l  from 
h ib e rn a tio n  have been reviewed by Lyman and C h a tf ie ld  (*55)* A daptive 
mechanisms r e la te d  to  tem pera tu re  r e g u la t io n ,  c i r c u la t io n ,  r e s p i r a t io n  
and th e  endocrine  g lan d s have a ls o  been review ed, (K ayser, *57). 
H igh-energy phosphate compounds a re  m ain ta ined  in  c a rd iac  and s k e le t a l  
muscle d u rin g  h ib e rn a tio n  in  th e  ground s q u i r r e l  and a re  used as a 
source o f  m etabo lic  energy upon awakening, (Zimny and G regory, *58). 
T his m aintenance o f  h ig h -en e rg y  phosphate by a h ib e m a n t c o n tr a s ts  
w ith  th e  d ec rea se  in  th e se  compounds which o ccu rs  in  r a t s  su b je c ted  
to  experim en ta l hypotherm ia, (S z e rk e re s , F a l le r ,  and TUrBk, f 58).
T his was in  accordance w ith  p rev io u s s tu d ie s  re p o rte d  by o th e r  w orkers 
s ta t in g  th a t  th e  a c tio n  o f  s k e le t a l  muscle i s  a p p a re n tly  f i r s t  in  
im portance and th e  h e a r t  second as a source o f  h ea t du ring  a ro u s a l 
from h ib e rn a tio n , (Lyman and C h a tf ie ld , *50). A study o f  th e  e f f e c t  
o f  hypotherm ia on o x id a tiv e  p h o sp h o ry la tio n s in  r a t  l i v e r  showed th a t  
p h o sp h o ry la tio n s  coupled to  e le c tro n  t r a n s p o r t  a re  p a r t i a l l y  uncoupled 
du ring  cold  a c c lim a tiz a tio n  and th e  o x id a tio n s  a re  a s so c ia te d  w ith  
m ito c h o n d ria l enzymes, (Hannon, f 59).
E le c tro n  m icroscopic  s tu d ie s  o f  m itochondria  in  h e a r t  muscle 
from th e  h ib e rn a te d  dormouse f a i le d  to  re v e a l any d ecrease  in  number, 
(Foche, f 5 9 ). The s iz e  o f  th e s e  m itochondria  was thought to  be some­
what sm a lle r , and c r i s ta e  m ito c h o n d ria le s  were very  densely  packed.
The p re se n t study in d ic a te s  a s ig n i f ic a n t  in c re a s e  in  r e l a t i v e  numbers 
o f  m itochondria  in  h e a r t  muscle from h ib e rn a te d  ground s q u i r r e l s ,  but 
f a i l s  to  show any a p p re c ia b le  change in  s iz e .  The c r i s t a e  o f  such 
m itochondria  were found to  be as w ell-packed  a s  were those  o f  th e  con­
t r o l  an im a ls . Inasmuch as th e se  m ito ch o n d ria l membranes a re  though t
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t o  bo s o l id  e x p re ss io n s  o f  enzym atic ch a in s  (P a lad e , *56), i t  i s  
rea so n a b le  to  assume th a t  o x id a tiv e  p h o sp h o ry la tin g  enzymes a re  
m ain ta ined  o r  s to re d  by in c re a s in g  membrane su rfa ce  a re a  pending a 
ra p id  re le a s e  upon a ro u s a l .  I t  i s  considered  t h a t  an e f f e c t iv e  
way o f  in c re a s in g  membrane a re a  i s  by an in c re a s e  in  th e  number o f  
m ito ch o n d ria .
A c a re fu l  sea rch  o f  th e  l i t e r a t u r e  d id  no t uncover any work 
th a t  has been done reg a rd in g  m itochondria  o f fo re  and h ind  lim b 
m uscle o f  a h ib e m a to r .  By u sin g  th e  e le c tro n  m icroscope and study ing  
th e  m itochondria  o f  th e se  m uscles in  the  ground s q u i r r e l ,  i t  was found 
t h a t ,  in  v a rian ce  w ith  h e a r t  m uscle, th e re  i s  no s ig n i f ic a n t  change 
in  r e l a t i v e  numbers o f  m itochondria  between th e  two p h y s io lo g ic a l 
s t a t e s .  There i s ,  however, a s ig n i f ic a n t  in c re a se  in  o v e ra l l  s iz e  
o f  th e  re s p e c tiv e  m itochondria  in  th e  h ib e rn a te d  c o n d itio n  and the  
c r i s t a e  appear more h ig h ly  packed. According to  our p re s e n t know­
le d g e , th e  fo llo w in g  re a c t io n s  tak e  p lac e  in  th e  muscle m itochondria  
(sarcosom es, S l a te r ,  *60):
2CH3 .CO.GOOH + 502 + 30ADF + 3 0 P i-------------► 6C02 + 4H20 + 30ATP
2DPNH + 2H+ + 02 + 6ADP + b P i------------- » 2DPN+ + 2H20 + 6ATP
T his a c t iv i t y  on th e  p a r t  o f  the  m uscle m itochondria  acco u n ts  fo r  
about 95^ o f the t o t a l  ATP formed d u rin g  th e  o x id a tio n  o f  g lu c o se .
In  keeping  w ith  th e  id ea  t h a t  th e se  membrane s t r u c tu r e s  re p re se n t 
s to ra g e  o f  p h o sp h o ry la tin g  enzymes, i t  may be p o s tu la te d  t h a t  an in ­
c re a se  in  membrane a re a  could  be accom plished ( 1 ) by an in c re a s e  in  
m ito c h o n d ria l s iz e  and s im u ltan eo u sly  a g r e a te r  packing o f  c r i s t a e ,  
o r  (2 ) by making a v a i la b le  more m itochondria  o f th e  same r e l a t i v e
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s i z e s .  In  each c a se , m itochond ria  in  th e  h ib e rn a te d  muscle could 
s to re  o r  u se  t h i s  method to  m ain ta in  n ecessa ry  o x id a tiv e  enzymes in  
a n t ic ip a t io n  o f  a  rap id  r e le a s e  when a ro u sed . T his would c o r r e la te  
w ith  th e  f in d in g s  o f  Zimny and Gregory (*56) which showed m aintenance 
o f  h igh -energy  phosphates d u rin g  h ib e rn a tio n .
Diaphragm m uscle m itochond ria  f a i l e d  to  show any s t a t i s t i c a l l y  
s ig n i f ic a n t  changes w ith  re s p e c t  to  r e l a t i v e  numbers o r  s iz e  when 
compared in  th e  two p h y s io lo g ic a l  s t a t e s .  However, th e  d a ta  show an 
a c tu a l  in c re a s e  in  number o f  m itochondria  in  th e  h ib e rn a te d  o v e r th e  
c o n tro l  s t a t e .  T h is in c re a s e  i s  n o t as  marked as t h a t  shown in  h e a r t  
m ito ch o n d ria l num bers, b u t i s  c o n s id e ra b ly  g r e a te r  th an  th e  in c re a s e s  
o ffe re d  in  fo re  lim b muscle and, more e s p e c ia l ly ,  h ind  lim b m uscle. 
Among th e  v a rio u s  t i s s u e s  t h a t  have been s tu d ie d , diaphragm  i s  perhaps 
th e  b e s t  example in  which th e  m itochondria  a re  s i tu a te d  c lo se  to  th e  
e f f e c to r  organ which th ey  a p p a re n tly  supply  w ith  energy , in  t h i s  c a se , 
the  m y o fib r il  o f  th e  muscle c e l l ,  (P a lad e , T5 6 ). The only e x p la n a tio n  
t h a t  can be o f fe re d  to  p rec lu d e  th e  n e c e s s i ty  f o r  s ig n i f ic a n t  in c re a s e s  
in  membrane a re a  f o r  diaphragm  m itochondria  i s  th e  p rox im ity  o f  th e  
m itochondria  to  th e  m y o f ib r i l la e .
During h ib e rn a tio n  th e  ground s q u i r r e l  m a in ta in s  th e  c h a ra c te r ­
i s t i c  p o s i t io n  which ten d s  to  conserve body h e a t .  The anim al s i t s  on 
th e  p o s te r io r  su rfa c e  o f  th e  hind le g s  w ith  back arched  above and nose 
to u ch in g  th e  p o s te r io r  p a r t  o f  th e  abdomen. The to p  o f  th e  head r e s t s  
p a r t ly  a g a in s t  th e  p e lv ic  g i r d le  and p a r t ly  on th e  bottom  o f  th e  n e s t .  
The fo re  le g s  a re  he ld  c lo se  a t  th e  s id e s  o f  th e  head and th e  eyes and 
mouth a re  c lo s e d , (Johnson , f3 l ) .  The lim bs a re  s ta t io n a r y  and th e  
diaphragm  and h e a r t  a re  s t i l l  fu n c tio n in g  b u t to  a much lower degree
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a s  ev idenced by p re v io u s ly  s ta te d  v a lu e s . The p re se n t s tu d y  i s  n o t 
on ly  r e la te d  to  two d iv e r s e  p h y s io lo g ic a l s ta g e s  bu t to  t i s s u e s  
fu n c tio n in g  a t  d i f f e r e n t  le v e ls  o f  a c t i v i t y .  O x ida tive  phosphory­
l a t i o n s  a re  im portan t to  t h i s  a c t i v i t y  and th ey  in  tu rn  a re  depen­
d en t upon m ito ch o n d ria . W hether th e  m itochond ria  in c re a se  in  s ie e  
o r  number d u rin g  h ib e rn a tio n  i s  n o t th e  prim ary  q u e s tio n . The im­
p o rtan ce  l i e s  in  th e  f a c t  t h a t  a p p a re n tly  th e s e  t i s s u e s  in c re a s e  
t h e i r  m ito c h o n d ria l membranes a s  p a r t  o f  an a d ap tiv e  mechanism to  
m ain ta in  th e  o x id a tiv e  p h o sp h o ry la tio n s  v i t a l  to  m etabo lic  system s.
V. 3UMMAiiY
1 . The number o f  m itochond ria  in  c a rd ia c  m uscle o f  th e  t h i r t e e n  
l in e d  ground s q u i r r e l  s i g n i f ic a n t ly  in c re a se d  d u rin g  h ib e rn a tio n . 
Sheering in c r e a s e s ,  b u t o f  d e c re a s in g  s ig n i f ic a n c e ,  in  o rd e r ,  a re  m ito ­
c h o n d ria l numbers o f  diaphragm , fo re  limb muscle and hind  lim b m uscle .
2 . S ig n i f ic a n t  in c re a s e s  in  s iz e  were e v id e n t f o r  m itochond ria  
o f  fo re  and hind lim b m uscle o f  th e  h ib e rn a te d  ground s q u i r r e l  a s  
compared to  th e  c o n tro l  a n im a l. The c r i s t a e  m ito c h o n d ria le s  o f  th e se  
m itochondria  appeared to  be more d en se ly  packed in  th e  h ib e rn a te d  
t i s s u e  than  t h a t  o f  th e  c o n tr o l .  There was no a p p aren t in c re a s e  in  
s iz e  fo r  h e a r t  and diaphragm  m itochondria  in  th e  h ib e rn a te d  an im al.
3 . Tn bo th  h ib e rn a te d  and c o n tro l  an im als th e  c h a r a c t e r i s t i c  
d is p o s i t io n  and shape o f  sarcosom es were observed in  a l l  fo u r t i s s u e s  
s tu d ie d .
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